rate of 1.3% since 2012/13 (International Coffee Organization (ICO), 2017).
Despite being a globally distributed tropical crop, wild populations of Arabica are restricted to the humid forests of Ethiopia, and a small area of neighbouring South Sudan (Figure 1) (Davis, Gole, Baena, & Moat, 2012) . These wild populations have considerable value as the main storehouse of genetic resources for Arabica coffee (Davis et al., 2012) , and have provided fundamental resources for Ethiopia and the global coffee sector (Hein & Gatzweiler, 2006) . In Ethiopia, these genetic resources continue to provide an important source of new planting material for coffee-farming, via seed and seedlings, including disease resistant variants, and the intrinsic (genetic) variation associated with the various flavour profiles found across the coffee landscape. Historically, and in recent times, wild Arabica coffee has provided germplasm for the development of the Arabica coffee sector outside Ethiopia. Protection of wild populations of Arabica coffee is therefore viewed as a key part of the longterm sustainability strategy for Ethiopian coffee production and the global coffee sector (Hein & Gatzweiler, 2006) .
Despite the importance of wild Arabica populations in Ethiopia
and South Sudan, there are serious threats to the survival and genetic integrity of this species. Amongst the most serious of these threats are deforestation (Davis et al., 2012 (Davis et al., , 2018 Moat et al., 2017a) , climate change (Davis et al., 2012; Moat et al., 2017a Moat et al., , 2017b , and genetic erosion (Aerts et al., 2012) . Recorded climate data in Ethiopia from the 1960s onwards show an average increase in the mean annual temperature of 0.28°C per decade (Jury & Funk, 2013) , a shortening of the wet season, and an increase in the number of hot days (McSweeney, New, & Lizcano, 2010) . Given the scale, severity, and potential impact of these threats and other negative influences it is important that the extinction risk of wild Arabica coffee is comprehensively assessed. Until now, no formal extinction risk assessment has been made for Arabica coffee.
The International Union for Conservation of Nature's Red list of Threatened Species (the IUCN Red List (IUCN, 2012) ) is a global repository of species and their associated risk of extinction (Rodrigues, Pilgrim, Lamoreux, Hoffmann, & Brooks, 2006) . The IUCN Red
List is recognized as the most authoritative source on extinction risk; it is widely used and cited, and conservation decisions and actions are increasingly informed by the resulting species-level risk assessments. One of the IUCN Red Lists' main roles is as an "early-warning" system for species that have the most imminent risk of ). Map generated from species distribution models (SDMs) and remote sensing (Davis et al., 2012 [one SDM] ; Moat et al., 2017a [SDMs and remote sensing]). *Humid forest represented by Moist Evergreen Afromontane Forest (MAF) and Transitional Rain Forest (TRF) types (Friis et al., 2010) . Agroforestry systems in Sidama (south of Hawassa) are no longer wild habitats but may contain wild type plants originating from this area. Other forest areas may be highly modified compared to primary forest areas extinction, therefore informing priorities for conservation action (Keith et al., 2014; Vié, Hilton-taylor, & Stuart, 2009 ).
The central process of assessing extinction risk for a species is the assignment to one of nine categories, which are based on five criteria associated with extinction risk: population decline; geographic distribution; small population size; restricted populations and quantitative analysis of extinction risk (IUCN, 2012) .
Within this study we review and address the first four criteria, using: past, present-day, and future projections (based on the projection of accurate present-day occurrence generated from species distribution models (SDMs), using precise ground-point data, and remote sensing of suitable forest type) under various climate change scenarios (Davis et al., 2012; Moat et al., 2017a) ; combined with demographic and generation length information. We apply three metrics for the present-day and future occurrence (under climate change): (a) Extent of Occurrence (EOO), a measure of risk spread (Gaston, 1991 (Gaston, , 1994a (Gaston, , 1994b , using a minimum convex polygon enclosing all known localities, as recommend by Joppa et al. (2016) .
(b) Area of Occupancy (AOO), a measure of geographic range size (Gaston, 1991 (Gaston, , 1994a Gaston & Fuller, 2009 ), which uses a simple calculation of the number of 2 × 2 km cells a species occupies (Moat, Bachman, Fields, & Boyd, 2018) . (c) Population size, which is estimated from the SDMs, forest cover (from remote sensing), population demographics and the quality of the niche.
The analyses we present here are focused primarily on exposure (i.e., to climatic suitability), based on climate scenario projections from general circulation models (GCMs). Other aspects of climate change vulnerability, viz., sensitivity and adaptive capacity (Dawson, Jackson, House, Prentice, & Mace, 2011; Foden & Young, 2016) , are not directly addressed, although Arabica coffee is identified as a climate-sensitive species with a low adaptive capacity (Davis et al., 2012) .
Species distribution models have been widely used in conjunction with other modelling methods to make projections for the potential impact of climate on species ranges (Elith & Leathwick, 2009; Franklin, 2010) . As well as giving a prediction for a species range, SDMs can also provide key information on the fundamental biology and ecology of a species. SDM techniques have matured considerably over the last 15 years or more, particularly with the introduction of ensemble modelling approaches (Araujo & New, 2007; Thuiller, Georges, & Engler, 2014; Thuiller, Lafourcade, Engler, & Araújo, 2009) . Predicting climate change with certainty is impossible, but we can use multiple models and scenarios to project future trends for species: by comparing the results from these models, we can start to understand the vulnerability of species to climate change and overall trends, at least in terms of exposure. If all models point to a similar (or the same) outcome we can be increasingly confident in our projections. Within this study, we calculate EOO, AOO, and population estimates for Arabica coffee using multiple scenarios and models for climate and migration (Table 1) , and then quantify these for the past, present and future.
| ME THODS AND MATERIALS

| Overview
Three major spatial datasets were used in our analyses; observational (geo-located) ground-point data, SDMs (which cover present-day to T A B L E 1 Models and scenarios used within this study future, under various climate change scenarios and multiple GCMs), and forest cover (from remote sensing (Moat et al., 2017a; Davis et al., 2012) . The SDMs were combined with forest cover and integrated into a 1 km 2 grid for further analysis. Generation lengths were calculated (see below) and used to predict future and past changes in EOO, AOO, and population size. Ground-point data collected and/or verified as wild Arabica coffee were queried from a database and used for the analyses. In total, this gave 310 unique ground-points for wild Arabica coffee (285 from Ethiopia, and 25 from South Sudan).
Model
|
| SDM production and preparation
For the present-day modelled distribution of Arabica coffee in Ethiopia (South Sudan was treated separately) we used the final SDM produced by Moat et al. (2017a) , which was based on an ensemble For the future projections we used two climate scenarios, A1B
and A2, three GCMs (based on 23 GCMs examined and reviewed by Moat et al. (2017a) , see Table 1 ), four date intervals (1960-1990, 2010-2039, 2040-2069, and 2070-2099) , and three of the six migration scenarios devised by Moat et al. (2017a and Transitional Rain Forest (TRF) types; classification according to Friis, Demissew, & Breugel, 2010) , which was originally derived from Landsat data (United States Geological Survey, 2015) at a resolution of 30 × 30 m, with some manual editing to remove plantations (e.g., tea, mangoes, and forestry) and other non humid forest vegetation (Moat et al., 2017a) . The forest cover mask was resampled in R using the aggregate function in the package Raster (Hijmans, 2016) to give the total forest cover per 1 km 2 . A typical example of these scenarios (emission, GCM, and migration) is given in Figure 2 .
These procedures produced a huge amount of data to process.
To make this manageable, and easier to manipulate, we combined all the SDM data into one matrix, with centroids of the cells (x and y position). The raster SDMs were converted to point data using the R package "Raster" (Hijmans, 2016) . This matrix is at a resolution of 1 km 2 (using UTM zone 37 Projection) and was stored in R (R Core
Team, 2016) as a data frame.
The above dataset only covered Ethiopia, but the wild species extends into a small area close to the Ethiopian border on the Boma Plateau in South Sudan (Davis et al., 2012; Davis, Govaerts, Bridson, & Stoffelen, 2006; Thomas, 1942) . The specimen and ground-point data already gathered included the Boma Plateau, but the SDM matrix lacked these data. To resolve this, we imported the South Sudan SDM from Davis et al. (2012) , into the 1960-1990 column of the matrix. Davis et al. (2012) show that this location is rapidly lost 
| Calculation of EOO and AOO
Using the R software package (R Core Team, 2016), the matrix described above was queried for each of the four time periods (1960-1990, 2010-2039, 2040-2069, and 2070-2099) , the three GCMs, the three migration scenarios, and two emission scenarios.
We removed any ground-points with very low forest cover (less than 1 hectare), as these would not be viable populations, and many would be due to noise within the satellite imagery.
EOO and AOO were calculated (from cell centroids) using the R package, rCAT (Moat, 2017) . In addition, we calculated EOO using F I G U R E 2 Maps and metrics for one example future projection; emission scenario A1b, GCM gfdl_cm2_1 and migration scenario D (see Table 1 ) showing SDMs and figures for AOO, EOO, and population numbers, for 1960-1990, 2010-2039, 2040-2069, and 2070-2099 . The record from Bahir Dar (in the far north, for the time periods 1960-1990 and 2010-2039 ) is included here, although it is uncertain whether this represents an indigenous population (Davis et al., 2018) just the ground-point data, and the range of possible AOO values and therefore the minimum AOO using a moving origin and rotating grid as suggested in Moat et al. (2018) , with 1,152 iterations.
| Estimating population numbers per unit area
We estimated population numbers using two models of population demographics: (a) that the population is either linearly distributed or It should be noted that AOO will be proportional to a constant Figure 2 ) and Moat et al. (2017a) show that the population follows a normal distribution. Therefore, we also mapped the niche class to this normal distribution using the mean populations from the elevation classes ( Figure 
| Generation length
As with calculations for AOO and EOO, determination of generation length is critical when reviewing any future or past changes in population numbers, and can greatly complicate extinction risk assessments (Fung & Waples, 2017; Willis, Moat, & Paton, 2003) .
Estimation of generation length is difficult without full population information (Fung & Waples, 2017) , which even for a well-studied species is lacking, including Arabica coffee (DaMatta, Ronchi, Maestri, & Barros, 2007) . Coffee plants are often referred to as short-lived trees (Davis et al., 2018) . Some population information does exist for cultivated Arabica coffee in Ethiopia (see below), but for the wild species the information is poor. For this study we reviewed the generation length for farmed Arabica coffee, for the minimum generation length, and then extrapolated to achieve generation lengths for the wild species. Our generation estimates were reviewed against available observations for wild Arabica coffee, and then used to refine our estimates (see below).
We used three methods to estimate generation length: observ.). 
Adult mortality rate:
T d ¼ α þ 1d (Fung &
| Generation length of cultivated Arabica coffee
Cultivated Arabica coffee plants take 3-4 years to reach fruiting stage and 5-8 years to reach maximum reproductive potential (Wrigley, 1988) . There are on average 3,000-4,000 fruits per tree (Davis et al., 2018) , although productivity drops off significantly as the coffee plant ages (e.g., to 1,000 fruits). To rejuvenate cultivated Arabica coffee, plants are often stumped (coppiced) at an interval of 8-15 years, which usually brings them back to full productivity. Thus, elucidating the age of coffee trees can be difficult, without the cultivation history and dendrochronology. It has been estimated that: at between 7-20 years Arabica coffee trees are at their most productive, senescence is reached at around 25 years, and that 40 years is the average life expectancy (Davis pers. observ.) . An Arabica coffee tree will fruit for around 50-60 years, but only if stumped or careful pruned. Cultivated Arabica coffee trees of considerable age are reported, for example up to 140 years old (Tadesse, 2017 ) but these have not been verified and are likely to have been stumped (coppiced).
Applying this to the three generation length algorithms, gives:
1. Vitality rates model~17 years.
2. Adult mortality model 10-24 years (d values of 0.15 to 0.5 from plants in (Fung & Waples, 2017) ).
3.
Reproductive life span model~10-16 years (z values for plants of 0.16, 0.21, and 0.33 from plants in (Fung & Waples, 2017) ).
| Generation length of wild Arabica coffee
We extrapolated ages from cultivated plants, but with the following modifications. It is reported that wild Arabica plants in Ethiopia (Meyer, 1965) In the wild, Arabica coffee matures (i.e., starts to bear fruit) much later than in cultivation, and we estimate that it will take 8-12 years for wild plants to fruit. Finally, the maximum productivity will be markedly less, probably at a maximum of around 400 fruits per tree (Davis pers.
observ.), although this figure could be higher or lower depending on specific environmental conditions (especially light levels) and the amount of competition from surrounding vegetation.
1. Vitality rates model~21 years.
2. Adult mortality model 16-30 years (d values of 0.15 and 0.5 from plants in (Fung & Waples, 2017) ). 1,300-1,400 1,400-1,500 1,500-1,600 1,600-1,700 1,700-1,800 1,800-1,900 1,900-2,000 2,000-2,100
Mean Abundance (no. we defaulted this value to zero. These calculations were performed in R (R Core Team, 2016) using the "approx" and "lm" function, using linear fits. Future and past population reduction (A4) was calculated in a similar way, but with a baseline date of 1975 (1960-1990) .
| Application to the Red List criteria and ratings
We calculated all of the metrics in the statistics package R (R Core
Team, 2016), using the IUCN thresholds as set out in the IUCN guidelines and criteria (Mace et al., 2008; IUCN Standards and Petitions Subcommittee, 2014; Moat, 2017) .
| RESULTS
| Present-day geographic ranges (IUCN Criteria B)
Under IUCN criterion B, the geographic range of variables are relatively simple to measure and calculate. (Figure 1 ). This metric would fall within the Least Concern extinction risk category. We also calculated the AOO from just the ground-point data in both rCAT (Moat, 2017) and GeoCAT (Bachman et al., 2011) : the EOO was 512 km 2 in rCAT and 508 km 2 in GeoCAT. We would not expect these AOO values to be accurate as the ground-point data for Arabica coffee is hugely under-representative of population size and extent.
| Present-day population size range (C, D)
Using linear demographic distribution estimates, we arrive at approximately 19.5 billion mature plants for wild Arabica over its indigenous distribution. Using the normalized demographics distribution method, the estimate is 13.5 billion mature plants. This metric would fall within the Least Concern extinction risk category. | 397 invoke the number of locations criteria (based on the threshold of less than five locations (IUCN, 2012) this species would need to be pushed to Critically Endangered or Extinct in a very short period, and there is no evidence for this.
| Number of locations
| Population size reduction (IUCN Criteria A)
On analyzing future population reductions (IUCN sub criterion A3) and past to future reductions (IUCN sub criterion A4), we assessed the reductions in EOO, AOO, and estimated population numbers, 
| DISCUSSION
Reviewing the species using present-day metrics (Criteria B: for AOO, EOO, population size, and number of locations), that is, excluding climate change projections, wild Arabica coffee would be assessed as Least Concern when applying IUCN Red List criteria. It is only when applying climate change to the past to future, and future to future changes, (under IUCN criteria A) that we see the species fall within the higher-level IUCN extinction threat categories.
The difference between these two sets of analyses is profound.
We limit most of our discussion below using a generation length 
| Migration scenarios
Our three migration scenarios (Table 1) Nonetheless, migration scenario C does serve some purpose, and particularly what could be achieved with intervention (i.e., assisted migration for conservation purposes, including the movement of propagules and establishment of suitable growing conditions, i.e., humid forest). Even with migration scenario C (which represents a best-case scenario) we can see than the species would receive an IUCN risk category of Endangered, using the normally distributed population demographic model and future reductions (IUCN sub criterion A3). This is due to the dramatic reduction (and in some cases loss) of the most suitable niches for Arabica coffee (the "Excellent"
niche (Moat et al., 2017a) ) for areas by the end of the century (Moat et al., 2017a) .
The other two migration scenarios (D and F), either restrict wild Arabica coffee to its current 
| Emission scenarios
There was considerable variability for the two emission scenarios A2
and A1B, with a −30% to + 30% difference in reduction/increase in the niche, between the two. Much of this variation was in EOO, which is not surprising as the EOO metric can be highly variable and sensitive to outlying occurrences (Hartley & Kunin, 2003; Keith, Akçakaya, & Murray, 2018; Keith, Auld, Ooi, & Mackenzie, 2000) .
The future projections (IUCN sub criterion A3), with emission scenario A2, consistently reports higher loses in AOO and the two population metrics, as expected.
| General circulation models (GCMs)
We used three GCMs for the future projections under climate change, which provided representative coverage of the variability in climate modelling, without having to process all available (23 or more) GCMs (Moat et al., 2017a) . The variability between GCM reductions was not large, and generally below 10%.
| Past to future versus future reductions (sub criteria A3 and A4)
Predictably, there is a considerable difference between these two metrics, mainly due to the coffee niche coming into its best condition in 2010-2039 (Moat et al., 2017a) . This is because A4 (past and future) is always reporting less reduction than A3 (future).
| Reduction metrics
The AOO metrics, and population numbers with linear demographics and normal demographics, behave consistently. Due to its geometric characteristics, EOO can change dramatically, with substantial changes in the area it reports, due to the loss and gains of outlying areas (Hartley & Kunin, 2003; Keith et al., 2000 Keith et al., , 2018 . The inclusion C A2 csiro_mk3_5 -4% 24% 32% 43% 11% -31% -23% -42% C A2 csiro_mk3_5 -12% 32% 49% 64% 13% -24% -17% -33% C A1bcsiro_mk3_5 -19% 16% 18% 22% 12% -27% -22% -40% C A1bcsiro_mk3_5 -7% 23% 29% 34% -1% -22% -20% -36% C A2 gfdl_cm2_1 -35% 20% 33% 44% 25% -37% -40% -69% C A2 gfdl_cm2_1 -42% 27% 49% 68% 17% -30% -33% -59% C A1b gfdl_cm2_1 6% 20% 25% 35% 0% -35% -34% -61% C A1bgfdl_cm2_1 -5% 23% 37% 55% 9% -26% -28% -56% C A2 bccr_bcm2_0 -7% 21% 28% 38% 11% -51% -39% -57% C A2 bccr_bcm2_0 -7% 26% 39% 57% 9% -42% -30% -48% C A1b bccr_bcm2_0 -8% 5% 10% 16% 15% -24% -6% -10% C A1b bccr_bcm2_0 -12% 10% 25% 40% 14% -26% -11% -17% D A2 csiro_mk3_5 34% 29% 47% 59% 29% 20% 6% -15% D A2 csiro_mk3_5 33% 40% 68% 82% 41% 26% 16% 1% D A1bcsiro_mk3_5 32% 25% 34% 40% 29% 20% 6% -14% D A1b csiro_mk3_5 32% 35% 50% 60% 40% 25% 12% -5% D A2 gfdl_cm2_1 10% 23% 46% 57% 52% 18% -4% -32% D A2 gfdl_cm2_1 18% 35% 65% 80% 53% 22% 6% -16% D A1bgfdl_cm2_1 40% 22% 36% 48% 27% 19% 2% -24% D A1b gfdl_cm2_1 41% 29% 50% 69% 41% 25% 10% -12% D A2 bccr_bcm2_0 19% 19% 32% 42% 29% 17% -1% -23% D A2 bccr_bcm2_0 35% 27% 48% 65% 29% 20% 5% -15% D A1b bccr_bcm2_0 32% 18% 25% 32% 29% 20% 15% 8% D A1b bccr_bcm2_0 32% 28% 42% 55% 40% 23% 18% 10% F A2 csiro_mk3_5 36% 31% 48% 60% 29% 20% 6% -15% F A2 csiro_mk3_5 37% 43% 69% 83% 41% 27% 16% 1% F A1b csiro_mk3_5 34% 28% 35% 41% 29% 20% 6% -14% F A1bcsiro_mk3_5 35% 37% 51% 61% 40% 26% 12% -5% F A2 gfdl_cm2_1 12% 26% 47% 58% 52% 18% -4% -32% F A2 gfdl_cm2_1 21% 38% 67% 81% 53% 23% 6% -15% F A1b gfdl_cm2_1 41% 25% 37% 49% 27% 19% 2% -24% F A1b gfdl_cm2_1 42% 33% 52% 71% 41% 25% 10% -11% F A2 bccr_bcm2_0 22% 22% 34% 43% 29% 17% -1% -23% F A2 bccr_bcm2_0 38% 33% 51% 66% 30% 21% 6% -15% F A1b bccr_bcm2_0 40% 20% 26% 32% 29% 20% 15% 8% F A1bbccr_bcm2_0 41% 31% 44% 57% 42% 23% 18% 10% Maximum 41% 31% 48% 60% 52% 20% 15% 8% Maximum 42% 43% 69% 83% 53% 27% 18% 10% Mean 30% 25% 38% 48% 34% 19% 5% -15% Mean 34% 35% 56% 70% 42% 24% 12% -5% C A2 csiro_mk3_5 -20% 40% 61% 79% 15% -14% -10% -20% C A2 csiro_mk3_5 -26% 47% 61% 79% 11% -6% 5% 2% C A1bcsiro_mk3_5 5% 29% 40% 47% -16% -17% -17% -30% C A1bcsiro_mk3_5 15% 34% 49% 56% -10% -11% -7% -18% C A2 gfdl_cm2_1 -50% 34% 54% 78% 7% -22% -24% -46% C A2 gfdl_cm2_1 -56% 40% 50% 76% 2% -14% -7% -16% C A1b gfdl_cm2_1 -17% 26% 48% 75% 19% -15% -21% -47% C A1b gfdl_cm2_1 -26% 29% 42% 72% 12% -11% -9% -23% C A2 bccr_bcm2_0 -6% 31% 46% 72% 6% -30% -19% -35% C A2 bccr_bcm2_0 -6% 35% 42% 70% 6% -24% -7% -13% C A1b bccr_bcm2_0 -16% 16% 41% 65% 12% -27% -16% -24% C A1b bccr_bcm2_0 -20% 21% 40% 66% 10% -22% -5% -6% D A2 csiro_mk3_5 32% 52% 71% 84% 54% 33% 27% 18% D A2 csiro_mk3_5 32% 61% 72% 84% 54% 39% 41% 39% D A1b csiro_mk3_5 33% 44% 66% 79% 50% 31% 18% 4% D A1b csiro_mk3_5 34% 52% 72% 85% 52% 37% 30% 21% D A2 gfdl_cm2_1 27% 46% 68% 85% 53% 26% 18% 4% D A2 gfdl_cm2_1 34% 55% 68% 84% 56% 33% 33% 27% D A1bgfdl_cm2_1 41% 35% 56% 80% 55% 30% 19% 3% D A1b gfdl_cm2_1 42% 41% 52% 78% 57% 35% 30% 23% D A2 bccr_bcm2_0 51% 36% 57% 79% 29% 24% 12% -6% D A2 bccr_bcm2_0 64% 43% 53% 77% 37% 29% 24% 14% D A1b bccr_bcm2_0 32% 39% 58% 77% 51% 25% 20% 11% D A1b bccr_bcm2_0 32% 48% 58% 77% 52% 31% 30% 26% F A2 csiro_mk3_5 38% 55% 72% 85% 54% 33% 27% 19% F A2 csiro_mk3_5 38% 65% 73% 85% 55% 40% 42% 40% F A1b csiro_mk3_5 36% 46% 68% 80% 52% 33% 19% 5% F A1bcsiro_mk3_5 37% 53% 72% 85% 53% 39% 31% 22% F A2 gfdl_cm2_1 30% 50% 70% 85% 53% 27% 18% 4% F A2 gfdl_cm2_1 38% 60% 70% 85% 56% 35% 34% 28% F A1bgfdl_cm2_1 43% 41% 58% 81% 55% 32% 20% 3% F A1b gfdl_cm2_1 44% 47% 54% 79% 57% 37% 31% 23% F A2 bccr_bcm2_0 55% 43% 60% 80% 31% 25% 13% -6% F A2 bccr_bcm2_0 68% 51% 57% 79% 39% 31% 25% 15% F A1b bccr_bcm2_0 41% 42% 59% 78% 56% 26% 20% 12% F A1b bccr_bcm2_0 42% 50% 59% 78% 58% 32% 31% 27% Maximum 55% 55% 72% 85% 56% 33% 27% 19% Maximum 68% 65% 73% 85% 58% 40% 42% 40% Mean 40% 45% 64% 81% 50% 29% 20% 7% Mean 44% 53% 64% 82% 53% 35% 33% 27%
Generation length = 16 years Generation length = 21 years sifications and scales, they do give an indication that the original forest cover of Ethiopia is in the region of 25%-31% of Ethiopia's total land surface area. There is no universal agreement on the remaining forest cover (Wakjira, Gole, & Senbeta, 2008) , but the majority of studies agree that present-day forest cover is around 4% of the total land surface area of Ethiopia (Reusing, 1998 (Reusing, , 2000 Wakjira et al., 2008) .
On reviewing studies from (Reusing, 1998 (Reusing, , 2000 Wakjira et al., 2008; World Resources Institute, 2014) , we can report that the rates of forest loss (Reusing, 1998 (Reusing, , 2000 shows reductions of 54% and 61% over 23 and 25 years (from 1971-1975 to 1996-1997 and 1973-1999) , respectively, for natural, humid (Afromontane) forest.
These values are backed up by Wakjira et al. (2008) , who looked in detail at a smaller area of humid coffee forest in south western Ethiopia, and showed that between 1973 and 2005, 32% of the forest cover had been lost, and in some areas there has been a 50% loss in a 32 year period alone. The majority (70%) of the reduction was due to smallholder expansion and forest conversion to agroforestry systems (Wakjira et al., 2008) . GeneraƟon length 21 years It should, however, be noted that all the above metrics cover many forest types in Ethiopia and that the main deforested areas are in the South East and South West (Moat et al., 2017b Friis et al., 2010) across the region, using remote sensing.
| CMIP3 versus CMIP5
The projections used here are based on the WCRP CMIP3 (Meehl et al., 2007) multimodel datasets (Moat et al., 2017a (Knutti & Sedláček, 2012) . However, Moat et al. (2017a) and Knutti and Sedláček (2012) have compared RCP8.5 with the A2 emission scenario, and report that within Ethiopia the only substantial difference observed was a 0.9°C increase in temperature, but with an increase in the derivation between GCMs, and a small increase in rainfall (in the North and Eastern areas), but again with increasing displacement between GCMs. The increase in temperature observed for RCP8.5 (i.e., 0.9°C) would indicate that both the A2 and A1B scenarios could be more conservative, compared to RCP8.5; the small increase in rainfall (up to 130 mm per annum, but with very high variability between GCMs) would not be enough to negate the change in temperature (Moat et al., 2017a) . If temperature change were to follow RCP8.5
(CMIP5), we would see an intensification of the negative changes shown here using CMIP3.
| Closing remarks
We have shown that climate change could alter the climatic suitability of wild Arabica coffee populations in Ethiopia and South Sudan, resulting in a projected decline in EOO, AOO, and more substantial reductions in population numbers (more than 50% reduction). If we were to apply the precautionary rule (the worst case scenario) this would give coffee the extinction risk value of Critically Endangered (10% of the results, for a generation length of 21 years, IUCN criteria A3 and migration scenarios D and F; Figure 5 ), but we feel that the assessment of Endangered is more justifiable (50% of the results, for a generation length of 21 years, IUCN criteria A3 and migration scenarios D and F; Figure 5 ). Generation length is critical when applying the IUCN criteria.
Here we have erred here on the side of caution using a generation length of 21 years, but if it can be demonstrated that Arabica coffee has a longer generation length (and 26 years would be sufficient)
there is a possibility that the species will be pushed into the extinction risk category of Critically Endangered. We have assumed that forest levels are static, but it is clear that there is a backdrop of rapid and continuing deforestation in Ethiopia and South Sudan. If deforestation metrics were included into the IUCN extinction risk assessment, the outcomes are likely to be even more negative (i.e., climate change plus deforestation), and if deforestation were to remain high and consistent it could impose a stronger driver of extinction risk than climate change alone, at least in short-term. Some locations, such as the Boma Plateau (South Sudan) and wild arabica coffee locations on the eastern side of the Great Rift Valley in Ethiopia (and especially the Bale (Harenna) forest area) are rapidly lost according to climate change projections, a result that receives unanimous agreement across a range of GCMs (Davis et al., 2012; Moat et al., 2017a Moat et al., , 2017b . In Ethiopia and South Sudan both of these areas coincide with high and ongoing rates of deforestation, indicating that there would be a substantial negative compounding influence (i.e., deforestation and climate change). Germplasm from the Boma Plateau (South Sudan) and Bale (Harenna) forest area is thus a high priority for ex situ conservation, and possibly (in situ) assisted migration. The area of coffee forest presently contained within protected areas is small (1,681 km 2 ; about 4% of the existing wild coffee forest area) and in the future some of these protected areas will need to incorporate higher elevation to ensure the species continued protection at these sites (Davis et al., 2012; Moat et al., 2017a) .
The results reported in this paper, shows that intervention could make a substantial difference to the future of wild Arabica coffee. If specific activities are undertaken (particularly assisted migration, forest preservation, and regeneration; see Figure 5 migration scenario C) the chances of the species becoming highly threatened (i.e., Critically Endangered) could be greatly reduced. Focused intervention actions, and especially forest preservation and reestablishment, could MOAT ET AL.
| 401 have a positive outcome for the species, humid forest cover, and ecosystem services, and the long-term sustainability of the Ethiopia coffee economy. 
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